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Introduction
During the 1980s the Armed Forces' personnel laboratories conducted extensive research on new aptitude tests. This research was driven by several events. First, renewed interest (spurred in part by Congress) in predicting military job performance increased the desire for tests that were more "performance-oriented" and less scholastic in content than the Armed Services Vocational Aptitude Battery (ASVAB). Thus, attempts were made to develop new, knowledge-reduced tests of basic mental skills needed for various military occupations. Second, researchers were reacting to changes in the field of mental testing itself, including conceptual changes from psychology's "cognitive revolution" in the 1970s. Whereas traditional aptitude frameworks relied on factor analysis, cognitive frameworks emphasized information processing via mental structures and operations. With the latter approach being widely applauded as a conceptual breakthrough, test developers were anxious to apply cognitive theory and methodology to the measurement of individual differences. Third, plans to computerize the ASVAB were viewed as creating an opportunity for entirely new types of tests that exploited the computers' display, timing, and measurement capabilities. For these and other reasons, test development was a major research thrust in the 1980s. In the current paper, six experimental tests from that era are evaluated to determine their incremental validity over the ASVAB.
The ASVAB is a collection of eight power tests and two speeded tests used by all of the U.S. Armed Services for selection of enlisted personnel and qualification for admission to training schools for various military occupational specialties. Table 1 briefly describes the ASVAB tests. The ASVAB is heavily weighted towards crystallized academic skills. It lacks any direct measure of spatial ability, perceptual speed, abstract reasoning, or working memory. These and other non-crystallized abilities were assessed in the present study. The purpose of this study was to determine whether the validity of the ASVAB could be improved by supplementing it with a battery of new computerized tests of cognitive abilities.
Method
ASVAB Testing
Because ASVAB scores of record for our subjects could be more than a year old, comparison of ASVAB with new predictors could be biased if the latter were administered closer in time to the criterion. For this reason the ASVAB was readministered on the same day as the experimental tests. One-half of the subjects destined for each technical school took a computerized adaptive version of the ASVAB, while one-half took the paper-and-pencil version. 1 The computerized adaptive test version of the ASVAB (CAT-ASVAB) has been in limited operational use since September 1990. Scores derived from the CAT-ASVAB have been equated to Form8A of the ASVAB using smoothed equipercentile equating with 8,040 applicants tested at Military Entrance Processing Stations (Segall, 1991 ). An empirical study of the reliability of CAT-ASVAB showed reliabilities equal to or better than the paper-and-pencil ASVAB (Moreno & Segall, 1992) .
New Aptitude Tests
Each subject completed a battery of six computerized tests, presented on HewlettPackard Integral microcomputers operating under UNIX. All tests were written in standard C. The keyboard was modified by using a plastic mask that revealed only the designated response keys along with a key labeled HELP that could be pressed during testing to suspend the program and request assistance. The S, F, H, K, and semi-colon keys were relabeled as: A, B, C, D, and E. The space bar was relabeled ENTER. The numeric keypad keys retained their meanings. Table 2 lists the tests that were administered along with a brief description of the tests and the constructs they measure. The following descriptions are presented in the order in which they were administered in the test battery.
Integrating Details is a complex 40-item spatial problem-solving test (Alderton, 1989) . Each item consists of two separate screens. The first screen contains from 2 to 6 regular geometric puzzle pieces that must be mentally brought together to form a completed object. This is much like a jigsaw puzzle. Having connected all of the puzzle pieces, the individual must remember the final object, and then press a response key indicating that she/he is ready. Once the key is pressed, the puzzle pieces are replaced by a new screen with a single completed object. The subject must indicate if the presented object is a product of the original puzzle pieces (see Figure 1) . The test score is the total number of correct responses. Mental Counters (Larson, Merritt, & Williams, 1988 ) is a complex 40-item test of working memory, which Baddeley (1992) defines as "a brain system that provides temporary storage, and manipulation of the information necessary for such complex cognitive tasks as language comprehension, learning, and reasoning. Kyllonen and Christal (1990), Carpenter, Just, and Shell (1990) , and others relate working memory to fluid intelligence. In the Mental Counters test, each screen contains three horizontal lines with each line representing an independent counter with an initial value of zero. During an item, boxes appear one at a time, either above or below one of the three lines.
If a box appears above a line, the value for that counter is incremented by 1. If a box appears below a line, that counter is decremented by 1. On each trial, either 5 or 7 boxes appear at one of two rates: one every 1.33 seconds or one every .75 seconds. The subject's task is to make a series of rapid calculations and to select from four alternatives, the correct final counter values (see Figure 2 ). Number correct is the summary score. Sequential Memory (Larson & Alderton, 1990 ) is another complex test of working memory. Each item begins with three to five horizontally arrayed dots on the screen. Then, each dot is assigned a numerical value that must be memorized. The item is then presented in a series of 5 or 7 "calls" to the dots; where each call is announced by briefly turning one of the dots into an "X." The person must report the digit string that corresponds to the order that the dots were called. In the second half of the test, after all the calls for an item have been made, the examinee is told to translate each number in the ordered number list into a different number and then type in the new ordered list (see Figure 3 ). There are 10 items in the first half of the test and 25 in the second half of the test. The score is the proportion of digits correctly reported. (Hakstian & Cattell, 1976) . Items use a combination of geometric forms and arbitrary figures presented in a series of four frames. The subject's task is to induce the transformation rule controlling the series and then select one of five alternatives that correctly completes the series (see Figure 4) . The score is number correct in 12 minutes. Perceptual Speed (Alderton, 1990 ) is a clerical/perceptual speed test. Each item consists of two side-by-side symbol strings of the same length. The examinee's task is to determine whether the two symbol strings are identical, as rapidly as possible while maintaining 90 percent accuracy. Symbol string length is systematically varied from 1 to 7 elements. The test is divided into 3 subtests based on symbol type: numbers (56 items), letters (56 items), and abstract stick figures (60 items). Each item type (number of elements X symbol type) has a minimum and maximum response time bracket; if an examinee responds too quickly or too slowly she/he is warned to slow down or speed up. Cumulative accuracy is retained and used in feedback along with average response time after every 10-14 items. To control for speed/accuracy tradeoffs, the examinee is warned to slow down if accuracy drops below 85 percent or to speed up if accuracy goes above 95 percent. The primary score is the average rate score across the three subtests, where rate is defined as the proportion correct divided by the geometric mean of item response times. Space Perception is a computer administered version of the surface development spatial test used in ASVAB Forms 6 and 7 (discontinued in 1978). The test is similar in format and requirements to the Differential Aptitude Test battery's Space Relations subtest (Bennett, Seashore, & Wesman, 1974) . Test items consist of problems showing the connected surfaces of a flat figure that can be folded into a 3-dimensional object, such as the six surfaces of an unfolded cube. The subject's task is to decide which of four alternatives correctly represents the folded version of the flat object. The score is the number correct of 20 items solved in 12 minutes. 
Subjects
The examinees were Navy recruits at the Great Lakes Recruit Training Center who were scheduled for technical training at one of nine Class "A" Schools. Table 3 gives the list of schools, the number of examinees expected to attend each school, the number who actually enrolled, and the number of graduates. This number was further reduced to 3,356 by eliminating cases with missing data or other factors. 
Testing Schedule
Testing was conducted from June 1989 through February 1990. The examinees were tested in their second week of training, immediately after classification into different occupational specialties. All examinees received a maximum of three hours of experimental cognitive tests in the morning. In the afternoon, within technical school specialties, they were randomly assigned to either paper-and-pencil ASVAB (Forms 11A, 13A, or, rarely, 12A) or CAT-ASVAB (Forms 1 or 2) .
Instructions
Examinees were first given written and oral information about their rights under the Privacy Act, told that the testing was for research purposes, would be kept confidential, and would have no effect on their careers, and then asked to sign a statement giving permission to be tested under these conditions.
At the beginning of each session involving computers, general keyboard familiarization instructions and practice were presented. Instructions for each of the new computer-based ability tests were presented at the beginning of each test along with several practice items. For the CAT-ASVAB, each test was preceded with instructions and several practice items. Instructions for the paper-and-pencil ASVAB tests were printed at the beginning of each subtest and read aloud by the test proctor, this included several practice problems as well.
Criteria
School performance data were obtained from a variety of sources. Final School Grades (FSG) were readily obtained from existing records. For most schools, internal consistency reliability estimates were available for FSGs. An exception was the Avionics school, where no reliability estimate could be obtained for FSG, which had a mean of 99.2 out of a possible 100, with a standard deviation of only 1.78. Avionics FSG was omitted from subsequent analyses.
In addition, every effort was made to obtain records of hands-on practical laboratory exercises. In most cases, these turned out to be simple pass-fail marks, with everyone passing. In three schools, Aviation Machinist Mate (AMS), Avionics (AV), and Hull Technician (HT), meaningful practical criteria were available. These were factor analyzed, and the factor pattern guided the construction of composites of unit-weighted criterion variables.
For the Aviation Structural Mechanics (AMS)
, factor analysis showed two factors. A LAB criterion was defined as the sum of three practical and five performance test scores loading on the second factor. (The first factor was defined mainly by knowledge tests and because it correlated very highly with FSG, it was discarded as redundant.)
In Avionics (AV), factor analysis revealed four factors, two of which were not highly correlated with FSG. The LAB1 composite was defined as the sum of six performance tests loading on one factor. The LAB2 composite was defined as the sum of eight practical exercises loading on another factor. TheLAB1 + LAB2 composite was defined as the sum of the 14 measures comprising the preceding LAB composites.
For the Hull Technician (HT) school, three factors were found. The QUIZ composite was the sum of 22 knowledge test scores, which correlated .67 with FSG. The LAB1 composite was the sum of 21 performance test scores from the first phase of the course. The LAB2 composite was the sum of 14 performance tests from the second phase of the course. A combined composite, LAB1 + LAB2, was defined as the sum of the 35 tests comprising LAB1 and LAB2.
Communalities were used as estimates of the reliabilities for the components of the composites, and then reliabilities of the composites were computed using the standard formulas for the correlation of sums. Table 4 shows the statistical features of the criteria. The preferred criteria, which are used later in the summary averages, are shown in boldface type and appear as the last entry for a school. The corrected standard deviations of the criteria were based on the Lawley (1943) multi-variate range correction formula, using the ten pre-enlistment ASVAB tests as explicitly selected variables and the criterion as indirectly selected. The corrected reliability was computed from the formula
where r XX , is the uncorrected reliability, s X is the uncorrected standard deviation, and the corresponding corrected values are in uppercase (Gulliksen, 1950 , 1987 .
Hypothesis Testing
Since many hypotheses were tested, the Type I error associated with multiple significance tests was controlled using a hierarchical approach (Cohen & Cohen, 1983, p. 172) . First, a single hypothesis for the whole study was tested, then hypotheses for each school, hypotheses for each new predictor, and finally hypotheses for school x new predictor combination.
In order to increase statistical power, the number of new predictors in most of the regression equations was reduced by combining some of them into "composites." The Memory composite was defined as the sum of the z-scores of Sequential Memory and Mental Counters, where the z-scores were standardized on the full sample of 4,989 Navy recruits. Similarly, the Spatial composite was defined as the sum of the z-scores of Integrating Details and ASVAB-6 Space Perception. These two composites plus the Perceptual Speed and Figural Reasoning tests make a set of 4 predictors in regression, which will be referred to as the 4-composite set. If a composite significantly improved prediction, its components were tested for significance later.
The multiple correlation of all ten ASVAB tests was computed for each criterion from each school. Next, the multiple correlation of the ASVAB plus four composite predictors with each criterion was computed. For each criterion, the probability associated with the difference was determined from the F-distribution with degrees of freedom equal to 4 and N -(10 + 4) -1, where These probabilities, P i , for school i, were combined into a single number that represents the probability that the new predictors have no incremental validity in any school. For each school, only one criterion was chosen for inclusion in the aggregate probability. The combined probability is given by the chi-square distribution
with 2 x Schools degrees of freedom (Fisher, 1932) .
Schools:
If the global null hypothesis is rejected, the previously computed probability values for each school are used to decide if the results for that school are significant.
New Predictors:
If the global null hypothesis is rejected, probability values are computed for adding each new predictor alone to the ASVAB for each school. The results are accumulated across schools, using the Fisher chi-square method described above. This yields a probability value for each new predictor for the whole study. However, the probabilities for the new predictors are not independent, as they are for schools.
In a similar manner, probabilities are computed for deleting one predictor from the complete battery of ASVAB plus all new predictors. This p-value is used to test whether a given new predictor is redundant with respect to the other new predictors.
Predictor x School:
If a given school and a given predictor separately show significant incremental validity, then the previously computed joint probability of using that predictor in that school is used to test the hypothesis that adding that one predictor to the ASVAB improves validity for that school.
Estimating the Magnitude of Validity Increments
All hypothesis testing was based on uncorrected correlations. To estimate the magnitude of the validity increments, several corrections were applied at various stages of the analysis. Lawley's (1943) range restriction corrections were applied to the correlation matrix of predictors and criteria, using all ten preenlistment ASVAB tests as explicitly selected variables. Multiple correlations based on either corrected or uncorrected correlations were "shrunken" to estimate population values, using the Wherry formula. If the Wherry formula yielded a negative value, it was assumed to be zero. Therefore, negative "increments" in validity were replaced by zeros. Finally, the multiple correlations were corrected for criterion unreliability, using range-corrected reliability coefficients.
For descriptive purposes, it may be useful to compute an average across all samples of the multiple Rs and their differences. Such an average, based on diverse sets of criteria and unrepresentative sampling from the domain of Navy schools, should not be given undue importance. In the present study, the multiple Rs were averaged by weighting them inversely by their asymptotic variances. 2 This procedure produces an estimate with minimum variance when the samples are drawn from the same population (Hedges, 1983) . Because larger Rs produce greater weights, correlations from the same school may have different weights in the averages. The distribution of the multiple R differences may be grossly non-normal for sample sizes as large as 1,000 (Hedges, Becker, & Wolfe, 1992) , and their asymptotic variances are difficult to compute in any case, so a simpler weighting method was used-they were weighted by the degrees of freedom of the larger multiple R.
All multiple correlations were Wherry-shrunken before averaging. Because negative correlation differences were replaced by zeros, the mean correlation difference may be larger than the difference in the mean correlations.
Results
ASVAB Scores used for Comparison
Based on prior evidence 3 , the data for the CAT and paper-and-pencil groups were combined for many of the comparisons with new predictors. Analyses of incremental validity were performed for both pre-enlistment and post-enlistment ASVAB. The incremental validities were slightly, but not significantly, lower using post-enlistment ASVAB scores, which are reported here. Table 5 shows the uncorrected and corrected multiple correlations for each school criterion with ASVAB alone, and with ASVAB plus four new composite predictors. Where there are several criteria for a school, the one selected for subsequent analyses appears as the last entry for the school. The probabilities for the F-test of incremental validity appear in the center column. When the probabilities for the preferred criteria are combined, using the Fisher chi-square test, the probability that no validity improvement occurred in any school is less than 10 -9 .
Schools
Significant results were obtained in five schools: Aviation Ordnance (AO), Avionics (AV), Gunner's Mate (GMG), Hull Technician (HT), and Operations Specialist (OS). OS, which had the largest sample size (N = 907) and the smallest p-value, showed a 2.1 percent increase in validity from adding four new predictors. The Boiler Technician/Machinist Mate school had the second largest sample size (N = 811) without showing any significant result. The largest percentage improvements occurred in the laboratory criteria for Avionics and Hull Technician. Table 6 shows the averages across schools. The Fisher chi-square P value is displayed in bold in the bottom center of the table. Its value of 3.319 x 10 -10 establishes that the new tests improve ASVAB validity in at least one school. A further breakdown into CAT-ASVAB and paper-and-pencil-ASVAB groups shows the same 2 percent average validity gain in each group. The Fisher P values are based on the chi-square distribution of with 2 x Schools degrees of freedom (Fisher, 1932) .
Note. Negative Wherry-shrunken squared multiple Rs are replaced by zeros.
Negative ∆Rs are replaced by zeros.
Although five of the nine schools show significant results, the largest gains occur in three schools: Aviation Ordnanceman, Avionics, and Hull Technician, where the validity increments exceed .05 correlation points. The percentage improvements in validity were 7.1, 8.5, and 13.9, respectively. Table 7 shows the validity increments associated with adding only one new predictor to the regression equation with all ten ASVAB tests. In keeping with our hierarchical approach, predictor results are shown only for those schools and criteria that were significant in Table 5 . The nine associated probability values are not shown, but were used to generate the Fisher p-values for Table 8 . Table 8 shows mean correlations after entering one new predictor to the ASVAB or after deleting one new predictor from the combined battery of ASVAB plus new predictors. The center column of probability values to enter shows that each new predictor has significant incremental validity for at least one school. The last column shows that the Spatial composite, Mental Counters, and Sequential memory tests have unique predictive ability not measured by other tests in the battery. Either ASVAB-6 Space Perception or Integrating Details could be deleted from the battery without significant effect, but not both. Either Figural Reasoning or Perceptual Speed could be deleted from the battery without significant effect if the other tests remained.
Predictors
Since all new predictors have significant incremental validity, we are justified in returning to Table 7 , where we notice that the tests with significant validity increments greater than .02 occur in three schools-Aviation Ordnanceman, Avionics, and Hull Technician. 4 The two spatial tests improve validity for all three schools. Of the two working memory tests, Mental Counters increases validity in Hull Technician lab, while Sequential Memory is involved in Avionics lab. Figural Reasoning also has incremental validity in Avionics lab. 
Discussion
One fact that emerges from Table 5 is that the ASVAB is a remarkably good predictor of Navy training school grades. When corrected for restriction in range and criterion unreliability, most multiple correlations are in the mid .70s. There is little room for improvement, and the incremental validities of the new predictors are generally low for predicting grades. In contrast, laboratory performance criteria are less well predicted by the ASVAB, and here the new predictors have their greatest incremental validities. The ASVAB is best at measuring academic aptitude, or "book learning" ability, which clearly reflects the content of the test battery. Laboratory or shop work may require more fluid intelligence, spatial ability, and/or working memory, which the new predictors measure. The practical skills represented by the laboratory criteria, at least logically, may be more important for subsequent job performance than the academic learning measured with written tests. Thus the utility of new predictors for selecting personnel may be better estimated from their incremental validities for predicting labor job criteria than for school grades. Schmidt, Hunter, and Dunn (1995) estimated that a 3 percent improvement in the average validity of the ASVAB could produce a utility increase of $83 million annually for the Navy alone. In the present study, the incremental validity conservatively averaged just over 2 percent across all schools. This increase translates into a $55 million improvement in utility for the Navy, and at least three times that for all of the military services combined. (Note that the numbers are in 1988 dollars.)
The predictors used in this study were chosen for exploratory research to determine whether the constructs of spatial ability, working memory, and perceptual speed could improve prediction of school performance. They are not necessarily the optimum enhancements to the ASVAB. The battery omits other important aspects of human performance, such as psychomotor skill. The tests themselves could be psychometrically engineered for higher reliabilities or adaptive administration. Thus further research might be able to improve the incremental validities found here, especially if laboratory or shop criteria were used.
